Spinal cord injury (SCI) results in paralysis below the injury and strategies are being developed that support axonal regrowth, yet recovery lags, in part, because many axons are not re-myelinated. Herein, we investigated strategies to increase myelination of regenerating axons by over-expression of platelet-derived growth factor-AA (PDGF) and noggin either alone or in combination in a mouse SCI model. Noggin and platelet-derived growth factor aa (PDGF) have been identified as factors that enhance recruitment and differentiation of endogenous progenitors to promote myelination. Lentivirus encoding for these factors were delivered from a multi-channel bridge, which we have previously shown creates a permissive environment and supports robust axonal growth through channels. The combination of noggin + PDGF enhanced total myelination of regenerating axons relative to either factor alone, and importantly, enhanced functional recovery relative to the control condition. The increase in myelination was consistent with an increase in oligodendrocyte-derived myelin, which was also associated with a greater density of cells of an oligodendroglial lineage relative to each factor individually and control conditions. These results suggest enhanced myelination of regenerating axons by This article is protected by copyright. All rights reserved.
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regenerative phenotype(B. K. Chen et al., 2017; J. Fortun, C. E. Hill, & M. B. Bunge, 2009 ; D. D. Pearse & D. J. Barakat, 2006) . However, the impact of cell transplantation is frequently limited by the extent of survival and engraftment(J. Li & G. Lepski, 2013; W. Tetzlaff et al., 2011) , which may not provide factors for times that are necessary to promote regeneration. Alternatively, injection of proteins into the lesion space or the spinal cord parenchyma has been employed to deliver trophic factors, yet these strategies cannot sustain the presence of these factors due to their clearance or degradation. Gene delivery represents a versatile strategy in which transduced cells function as bioreactors for the localized production of trophic factors to create a permissive environment for regeneration. We have previously reported that poly (lactide-co-glycolide) (PLG) multichannel bridges are an effective vehicle for localized, sustained lentiviral gene therapy capable of altering the post-injury microenvironment and promoting regeneration(H. M. Tuinstra et al., 2012) . PLG has been widely used as a material for spinal cord repair or peripheral nerve conduits. PLG is also biodegradable, bioresorbable, and its degradation products are cleared by the body (M. Wang et al., 2011) . Lentiviral expression is highest at the site of the implant and decreases as a function of distance. The lentivirus transduces cells in the surrounding area including astrocytes, macrophages, fibroblasts, and invading Schwann cells (H. M. Tuinstra et al., 2012) . Additionally, these bridges feature an architecture that encourages axon growth through channels and infiltration of supporting cells into interconnected pores(H. M. Tuinstra et al., 2012; H. M. Tuinstra et al., 2014) .
Regenerating axons have been observed growing through the bridge and into tissue caudal to the injury(K. Pawar et al., 2015) . However, the bridge alone is limited in its ability to foster remyelination. We have previously reported on the combinatorial This article is protected by copyright. All rights reserved.
delivery of sonic hedgehog (SHH) and neurotrophin 3 (NT3) to improve myelination of regenerating axons. SHH and NT3 are reported to promote neurite extension that is dependent on the concentration and spatial/temporal distribution(A. C. Delgado et al., 2014; E. Marti & P. Bovolenta, 2002) , with SHH also influencing neuronal and oligodendrocyte differentiation during development and following injury(A. Gritli-Linde, P. Lewis, A. P. Mcmahon, & A. Linde, 2001 ; N. Lowry et al., 2012) . While SHH alone, but not its combination with NT3, was able to enhance the percentage of axons myelinated by oligodendrocytes, the overall percentage of myelinated axons was lower than normally found in the contralateral tissue. This could be attributed to NT3 promoting Schwann cell recruitment and progenitor quiescence(A. C. Delgado et al., 2014) . SHH has also been associated with ventral patterning, but has not been shown to enhance progenitor recruitment necessary to generate myelinating oligodendrocytes(V. Ribes & J. Briscoe, 2009) . Factors that more effectively recruit the endogenous progenitor pool toward an oligodendrocyte lineage may further enhance myelination.
Noggin and platelet-derived growth factor aa (PDGF) have been identified as factors that enhance recruitment and differentiation of endogenous progenitors to promote myelination in vitro and in vivo. Noggin is a bone morphogenetic protein (BMP) receptor antagonist(A. Liu & L. A. Niswander, 2005) . BMPs, which are upregulated after SCI, promote astrocyte differentiation of proliferating progenitor cells. Although noggin inhibits the BMP pathway, it is not sufficient to increase the overall differentiation of progenitor cells to myelinating oligodendrocytes(G. U. Enzmann et al., 2005) . PDGF specifically, has been noted for its capacity to enhance proliferation and recruitment of progenitor cells both in vitro and in vivo R. A. Hill, K. D. Patel, J. This article is protected by copyright. All rights reserved. Woodruff et al., 2004) and is a required signaling molecule for differentiation of embryonic and adult neural stem cells into O4 + oligodendrocytes(M. Bradl & H. Lassmann, 2010; G. L. Hinks & R. J. Franklin, 1999; J. G. Hu et al., 2008) . These reports elucidated how inductive factors can increase progenitor activity after SCI and even encourage spontaneous remyelination of spared axons(J. Lasiene, L. Shupe, S. Perlmutter, & P. Horner, 2008; B. E. Powers et al., 2012;  B. E. Powers et al., 2013) ; however, the ability of these endogenous progenitors to potentiate myelination of large numbers of newly regenerating axons has not been determined.
In this report, we investigated noggin and PDGF individually or in combination for their ability to enhance myelination of regenerating axons growing through a biomaterial bridge implanted into an acute spinal cord lesion. A mouse lateral hemisection model was used, with immediate intervention with PLG bridges inserted into the injury to deliver lentiviral vectors for sustained and localized expression noggin and/or PDGF (D. J. Margul et al., 2016; A. M. Thomas et al., 2014) . Immunohistochemistry (IHC) was initially employed to quantify the extent of axon growth and myelination, and functional recovery was quantified using the Basso Mouse Scale (BMS) scale. As myelination can occur from CNS-derived oligodendrocytes or PNS-derived Schwann cells, we quantified the source of myelinating cells, as well as the density of cells within the oligodendrocyte lineage. Collectively, these studies demonstrate the potential for synergy between This article is protected by copyright. All rights reserved.
biomaterials to guide tissue growth and the localized expression of factors to modulate the local environment and enhance the recruitment of endogenous progenitors that can restore function. 
Materials and Methods

Virus production and validation
Fabrication of multi-channel bridges
Bridges were fabricated using a sacrificial template variation(J. Li, T. A. Rickett, & R. Shi, 2009 ) of the gas foaming/particulate leaching technique, as previously This article is protected by copyright. All rights reserved.
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described(A. H. M. Tuinstra et al., 2012) . Briefly, PLG (75:25 lactide:glycolide; i.v. 0.76 dL/g; Lakeshore Biomaterials, Birmingham, AL, USA) was dissolved in dichloromethane (6% w/w) and emulsified in 1% poly (ethylene-alt-maleic anhydride) using a homogenizer (PolyTron 3100; Kinematica AG, Littau, Switzerland) to create microspheres (z-average diameter ~1µm). D-sucrose (Sigma Aldrich), D-glucose (Sigma Aldrich), and dextran MW 100,000 (Sigma Aldrich) were mixed at a ratio of 5.3:2.5:1 respectively by mass. The mixture was caramelized, cooled, and drawn from solution with a Pasteur pipette to make sugar fibers. Fibers were drawn to 150 -250 µm, coated with a 1:1 mixture of PLG microspheres and salt (63-106 µm) and pressed into a salt-lined aluminum mold. The sugar strands were used to create 7 channels and the salt create a porous structure. The materials were then equilibrated with CO 2 gas (800 psi) for 16 h and then gas foamed in a custom-made pressure vessel. Bridges were subsequently cut into 2.25 mm sections and leached for 2 h to remove porogen. The bridges are dried overnight and stored in a desiccator.
Virus loading into bridges
Viruses were adsorbed onto bridges, with multiple steps to increase lentiviral loading.
Prior to virus addition, bridges were disinfected in 70% ethanol and washed with sterile water. Bridges were then dried by touching sterile filter paper to the bridge. Bridges were then saturated with 2 µL of virus. After 2 minutes of incubation, sterile filter paper was touched to the surface of the bridge to remove excess moisture. This process was then repeated until a total of 8 μL of virus was added. After the final addition, the bridges were not dried with filter paper and were stored on ice until use. Bridges were used within 3 This article is protected by copyright. All rights reserved.
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hours of coating with lentivirus. Lentivirus loading conditions included FLuc, PDGF, noggin, and noggin + PDGF. Lentiviral loading was done to ensure the same number of lentiviral particles per bridge.
Mouse spinal cord hemisection
All animal procedures were approved and in accordance with the Institutional Animal Care and Use Committee at the University of Michigan. A hemisection model of SCI was performed as previously described(A. on female C57BL/6 mice (6-8 weeks old; Jackson Laboratories). After administration of bupivacaine (.8 ml/kg), a laminectomy was performed at T9-T10 to allow for a 2.25 mm lateral hemisection for immediate bridge implantation. The injury site was covered using Gelfoam (Pfizer, New York, NY, USA) followed by suturing together of the muscle and stapling of skin.
Postoperative care consisted of administration of enrofloxacin (2.5 mg/kg; daily for 2 weeks), buprenorphine (0.1 mg/kg; twice daily for 3 days), and Lactated Ringer's solution (5 mL/100 g; daily for 5 days). Bladders were expressed twice daily until function recovered.
Immunohistochemistry and quantitative analysis of nerve regeneration, myelination, and NPC differentiation
Spinal cords were extracted 8 weeks after SCI and flash frozen in isopentane. 
Behavioral analysis
The Basso mouse scale (BMS) open-field locomotor test was used to evaluate functional recovery over period of 8 weeks after SCI as previously described(D. M. Basso et al., 2006) for FLuc (n=12) and noggin + PDGF (n=12) conditions. A baseline This article is protected by copyright. All rights reserved.
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was determined prior to SCI, and the mice were tested at 1, 2, 4, 6, and 8 weeks.
Observations and BMS scoring were performed by two blinded observers for 4 minutes per animal.
Statistical analysis
For multiple comparisons, statistical significance between groups was determined by one-way or two-way ANOVA with Bonferroni's post-hoc. For single comparisons, the statistical significance between pairs was determined by unpaired t-test. All statistics test significance using a α value of 0.05. Error bars represent standard error in all figures.
Prism 7 (GraphPad Software, La Jolla, CA, USA) software was used for all data analysis.
Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.
Results
Lentiviral construct validation
Initial studies validated the lentiviral constructs encoding noggin and PDGF. HEK-293FT cells were transduced with a multiplicity of infection (MOI) of 10 viral particles per cell with noggin-encoding lentivirus. After 3 days, expression of noggin was assessed with anti-noggin antibody with Hoechst 33342 counterstaining (Fig. 1A-C Fig. 2E ).
However, these differences were not statistically significant. (Fig. 3F) ; however, combined noggin + PDGF delivery resulted in a significantly higher percentage of myelinated axons at 44%.
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Enhanced motor function recovery with combinatorial delivery
We subsequently investigated the capacity for the combination of PDGF + noggin, which enhanced myelinated, to improve functional recovery. Bridges loaded with noggin + PDGF were implanted into the lateral hemisection, with a control cohort receiving FLuc, and motor function was evaluated for 8 weeks post-SCI using the BMS (Fig. 4) .
Prior to surgery, all mice were fully functional with perfect scores (BMS = 9). inability to achieve paw placement or perform stepping.
Source of myelination post injury
The source of myelination in the bridge was subsequently characterized to further investigate the correlation between increased myelination and motor function recovery. relative to all experimental conditions (Fig. 5F ).
Recruitment and differentiation of endogenous progenitors
The increase in CNS-derived oligodendrocyte myelination of regenerating axons at 8 weeks post-injury within the bridge was subsequently interrogated by quantifying the density of cells within the oligodendroglial lineage. The presence of oligodendrocytes was evaluated by staining for O4 (Fig. 6A-D) . Few O4 + pre-oligodendrocytes were observed in controls (Fig. 6J) . A significant increase in O4 + cells for noggin + PDGF overexpression was observed compared to all other experimental conditions (Fig. 6J) .
Cells in the oligodendrocyte lineage (O4+) can arise from either neural progenitor cells (NPCs) that are Sox2+, or from glial-restricted progenitors (Olig2 + /Sox2 -or NG2+), which were subsequently analyzed. This analysis was performed at the 8-week time point, which would provide enough time for the progenitors to develop along the multiple lineages. For glial-restricted OPCs (Fig. 6B) , no significant differences in the density of Olig2 + /Sox2 -cells or NG2 + cells across experimental conditions were observed (Fig. 6L) .
However, the density trended toward an increase in NG2 + stained cells for all conditions compared to control (Fig. 6K ). Similar levels of NG2 + cells levels were present for noggin, PDGF, and combination of noggin + PDGF overexpression.
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For NPCs (Sox2 + ), noggin over-expression resulted in no significant difference in number of Sox2 + cells relative to FLuc delivery (Fig. 6L) . In contrast, PDGF overexpression trended towards elevated numbers of Sox2 + cells relative to noggin overexpression. Interestingly, the combination of noggin + PDGF had an additive effect, producing significantly more Sox2 + cells relative to noggin over-expression alone. We subsequently assessed the co-localization of Sox2 and Olig2 markers, which represents 
triggers cell-cycle exit and differentiation(J. J. Boulanger & C. Messier, 2014) . Herein, lentivirus was used for the sustained expression of PDGF for the 8-week study resulting in increased OPC density. However, these increases in OPC density did not contribute to increased density of O4 + pre-oligodendrocytes, which is consistent with the lack of increased myelination and oligodendrocyte-derived myelin relative to control.
Conditional expression systems such as the tetracycline system have been used for Collectively, we report the ability of noggin + PDGF to promote remyelination by endogenous progenitor cells post-SCI. Co-delivery of noggin + PDGF encoding lentivirus significantly increased total myelinated axon density and percentage. Codelivery also promoted greater myelination by oligodendrocytes compared to all other conditions (22% vs 11%). This result was consistent with the increased density of O4 + pre-oligodendrocytes via co-delivery. Overall, we have demonstrated that lentivirusbased expression of multiple factors, such as noggin and PDGF, from multichannel PLG bridges provides a strategy for identifying synergistic actions with the potential to target multiple barriers to regeneration.
Bridges are increasingly being considered for both penetrating wounds as well as for chronic injuries in which the scar is surgically resected that creates a defect (Z. Xiao et al., 2016) . While the bridge provides a path and support for axon regeneration, it is insufficient alone to promote regeneration. As we have shown, PDGF and noggin may be used to recruit and differentiate endogenous progenitors after spinal cord injury to encourage remyelination. Lentivirus represents an effective strategy to increase and This article is protected by copyright. All rights reserved.
sustain levels of these target proteins at the injury. Lentiviral vectors are currently in clinical trials (M. C. Milone & U. O'doherty, 2018 ) and, at a minimum, represent a tool to identify factors or combinations of factors that enhance myelination. An alternative to lentivirus delivery would be the direct delivery of these proteins, which is being attempted by various delivery strategies (C. M. Walthers & S. K. Seidlits, 2015) . This combination of a bridge to support and direct axon growth with a strategy to enhance their myelination represents a potential clinically translatable treatment for SCI. This article is protected by copyright. All rights reserved.
